This study examines the electrical and temperature behavior of two of the levels in Czochralski-grown silicon that are most detected by different authors. A comparison between an analytical expression of the generation recombination noise in pϪn junctions with experimental data taken from other authors was used as a tool for determining capture cross sections and densities of oxygen related traps in silicon. The parameters found in the literature for a deep level located at E C Ϫ0.43 eV are verified in this work. Parameters for a shallower level, a Coulomb trap with an activation energy of 0.17 eV, are also obtained. To correlate our theoretical results, obtained by noise analysis, with those of other authors, obtained with different techniques, thermally activated and field enhanced transitions between the latter center and the conduction band are considered. A thorough theoretical study of a silicon pϪn junction with these levels shows a mutable electrical operation of the shallower center, acting as an electron trap at low temperatures and as a hole trap at room temperatures.
I. INTRODUCTION
Czochralski-grown silicon ͑Cz-Si͒ incorporates oxygen atoms in interstitial lattice sites at concentrations close to solid solubility at the Si melt temperature. During thermal treatments the excess of interstitial oxygen, which is not electrically active, precipitates and gives rise to clusters which now behave as electrically active defects. The precipitate morphology changes with heat treatment. These changes have been observed by physical analyses such as transmission electron microscopy ͑TEM͒.
1 Different types of oxygen related defects can also be observed, depending on the thermal manufacturing process. 2 In addition, the electrical activity of oxygen precipitate defects is highly dependent on the annealing conditions, as was confirmed in the deep level transient spectroscopy ͑DLTS͒ experiments by Hwang and Schroder. 3 Oxygen precipitate defects ͑OPDs͒ affect the performance of electronic devices in both negative and positive ways. One of the disadvantages is that recombination lifetimes are degraded in oxygen-precipitated silicon. On the other hand, the main benefit is that the defects created act as gettering sites to eliminate undesirable contaminants in an electronic device.
Much work has been done to improve our understanding of the electrical behavior of oxygen-related defects. However, some controversy still exists, even in samples that have been processed in a similar way. The fact that the electrical activity of OPD depends on the presence of gettered impurity atoms could explain the different classes of electrical activity reported. We, too, conclude in this work that different electrical conditions during measurements can lead to different results.
To prove this, we analyze the results obtained in groups of samples processed under the same thermal conditions ͑an-nealing temperature, sequence and ambient͒. After examining the conditions under which these samples have been processed, we analyze the experimental techniques that different authors have used to extract electrical parameters from these devices. We then study the electrical behavior of this type of sample, paying special attention to low frequency noise. In fact, we propose a fitting method based on generationrecombination noise measurements that provides accurate values of the parameters of the trap origin of the noise.
Our fitting method is supported by a previous work in which generation-recombination noise in the space charge region of pϪn junctions was studied. 4, 5 We proposed a model to obtain the current noise density in this structure, based on the response of the electric field to fluctuations of the trapped charge in the depletion region, making use of a collective transport noise theory. 6 The main contribution of the cited work was to provide an analytical expression for the low frequency current noise associated with carrier generation and recombination in the space charge region of p Ϫn junctions. Different conditions of temperature, current injection, and doping profiles were analyzed. Experimental results and empirical formulas of the current noise density proposed by other authors were reproduced with our expression. However, a topic that remained open was the fact of using this expression to extract information from the defect centers responsible for the noise mechanism, and even from the pϪn junction itself.
Self-consistent fitting methods to extract information from deep levels are not strange in the literature. 7, 8 It is not the fitting method itself that we intend to stress in this article but the accuracy and amount of physical information it can provide. Conclusions drawn from this technique will be supported by other studies we have made of current-voltage a͒ Author to whom correspondence should be addressed; electronic mail: tejada@ugr.es characteristics and deep level capacitance transients. To combine all this information, we make use of a previously developed numerical simulator, 9, 10 in which the experimental conditions undergone by the chosen samples are reproduced in order to find the best agreement with experimental results.
Thus, the main objectives of this article are twofold: first, we present a method to determine the electrical properties of deep levels in semiconductors, making use of our former study, 4 and then we apply this method to an interesting case of defects in semiconductors such as those created by the oxygen precipitates in Czochralski-grown silicon. However, the conclusions extracted from this work can be extrapolated to other defects.
We first extract information from other authors' measurements, such as the localization of deep levels in the band gap and the doping profile. This is done in Sec. II. The rest of the parameters of the deep levels, their concentration N T and the capture cross sections for electrons and holes ni , pi , are determined by the comparison of low frequency noise and current-voltage measurements with our numerical results ͑Sec. IV͒. In Sec. III, we present the analytical expression obtained to calculate the generation-recombination noise in pϪn junctions, 4 and now use it to develop these comparisons. In Sec. V we study the transient behavior at different temperatures of a pϪn junction with deep levels. We make use of this analysis to support the values obtained by the noise study. Finally, the main conclusions are drawn in Sec. VI.
II. OXYGEN RELATED TRAPS IN SILICON
In this section we report a review of works related to the electrical activity of oxygen in silicon, but this is by no means an exhaustive discussion of the presence of oxygen in silicon. More information, such as the creation and growth of oxygen precipitation defects, can be found in a work published by Bender and Vanhellemont. 11 As a starting point, we focus on pϪn junctions that have undergone similar fabrication processes, and in which similar deep levels have been detected. The manufacturing data allow us to estimate the doping profile. We consider the position of the levels in the band gap to be valid, as the best agreement among authors is found concerning this parameter. We show that two of the most commonly detected levels are E C ϪE T1 ϭ0.17 eV and E C ϪE T2 ϭ0.43 eV. However, other parameters such as deep level concentration and capture cross sections are also determined by our technique, as contradictory values are reported in the literature.
Vanhellemont et al. 12, 13 studied n ϩ Ϫp diodes fabricated on Cz-Si wafers treated under different annealing conditions. Some of these diodes were subjected to full internal gettering, consisting of a three-step thermal process: ͑1͒ outdiffusion ͑1100°C, 6 h͒, ͑2͒ nucleation ͑750°C, 8 h͒ and ͑3͒ precipitation ͑field anneal and oxidation step of the diode process, consisting of a 10 h treatment at 975°C͒. Others were treated only with the precipitation step. A bulk precipitate density in the range: 10 10 -5ϫ10 10 cm Ϫ3 was obtained by TEM analyses. Carrier traps related to the oxygen content in the samples were analyzed with deep level transient spectroscopy ͑DLTS͒ to obtain their localization in the band gap (E C ϪE T1 ϭ0.17 eV and E C ϪE T2 ϭ0.43 eV), and the density and depth profile position. From the above references, we see that two deep levels are commonly found, those termed at the beginning of this section E T1 and E T2 . References to other levels related to oxygen precipitated defects can also be found in the article published by Mchedlidze, Matsumoto, and Asano. 15 The literature also provides us with values of the capture cross sections for the electrons in these two levels. The highest value corresponds to the deeper level, n2 , making this level, E T2 , the origin of the leakage current in the junction. 12, 16, 17 No calculation of the capture cross section for the holes is found except the study by Hou et al. 8 of generation-recombination noise, where p2 and n2 are given for the level E T2 , although the value of n2 does not agree with other authors' results and the value obtained for the trap density is higher than others found in the literature. [12] [13] [14] [15] Hou et al. 8 studied n ϩ Ϫ p diodes manufactured in Cz-Si wafers with a thermal annealing treatment similar to a previous work. 13 Two oxygen related trap states E C Ϫ0.17 and E C Ϫ0.43 eV were found by DLTS. In addition, low frequency noise data were used to better analyze the characteristics of these centers. As DLTS measurements can only provide the minority carrier capture cross section for the minority traps and the majority carrier captures the cross section for the majority carrier traps, these authors proposed, by means of the observed noise, values for the capture cross sections for both electrons and holes in every trap. They concluded that only hole initiated transitions ( n ϭ0) and a capture cross section for holes of p ϭ10 Ϫ14 cm 2 could interpret noise measurements. They also claimed that the deeper level played the main role in the observed low frequency noise.
Although the values for the capture cross sections reported by Hou et al. do not agree with previous references, the idea of hole-initiated transitions to explain noise measurements might be linked to other authors' works such as that of Murakami and Shingyouji 16, 18 and Cerofolini and Polignano. [19] [20] [21] Murakami and Shingyouji 16, 18 found a transient component in the pϪn junction leakage current formed in Cz-Si wafers while studying the influence of different substrates. This component was not observed in wafers with low oxygen concentration. They associated this transient component with the hole emission current from oxygen-related traps that have an exponential trap distribution. They reached this conclusion after studying p ϩ Ϫn and n ϩ Ϫp junctions fabricated on wafers which were subjected to a heat treatment. Although the wafers underwent a three-step internal gettering treatment similar to that found in Ref. 12 , at first sight a hole trap could seem incompatible with the result of deep levels located in the upper half of the band gap. 8, 12 Murakami and Shingyouji related their results to those of Simoen et al. 22 and proposed that the hole traps could also be the origin of the 1/f noise observed in Si junction diodes. In this latter study, the authors demonstrated that the Si substrate has a strong impact on low frequency noise, and indicated that their measurements suggested bulk defects and a generation-recombination origin of the 1/f-like noise. Murakami and Shingyouji also reported the existence of a leakage current associated with the Poole-Frenkel field emission. This was observed in all kinds of wafers, independently of the manufacturing conditions. They related this current to a study made by Cerofolini and Polignano [19] [20] [21] in which the reverse and forward characteristics of different pϪn junctions subjected to various heat treatments were extensively analyzed. In some of these they detected, for reverse bias, the contribution of a pure generation nonrecombination phenomenon, thermally activated and field assisted. They showed that the centers responsible for this phenomenon also had a non-negligible recombination efficiency. They suggested that a single center with an activation energy of 0.75 eV might be responsible for these mechanisms.
Tsuchiaki et al. 2 also investigated the impact of an oxide precipitate on the junction leakage of a silicon pϪn diode. They proposed a model in which a single oxide precipitate is accompanied by a shallow attractive Coulomb center ͑with ionization energy 0.16 -0.18 eV͒. Interface gap states exist on the exterior of the oxide precipitate. When this is brought into the depletion region, the associated electric field facilitates the hopping of electrons from the valence band into the shallow attractive Coulomb center via the interface states on the precipitate, leaving holes in the valence band. Electrons supplied to the Coulomb center are then emitted into the conduction band by the Poole-Frenkel mechanism, thus completing the leakage process.
It can be observed that different interpretations have been obtained from the analysis of different electrical measurements: minority carrier transients from electron traps at low temperatures, 12, 13 generation-recombination noise in forward biased junctions at room temperature due to electron traps with p ӷ n , 8 leakage current transients due to hole traps, 16, 18 and steady leakage current due to a combined phonon-assisted tunneling and Poole-Frenkel mechanism. 2 This fact led us, first, to propose a method to obtain parameters such as capture cross sections and trap densities of the E T1 and E T2 levels, and then to study the way variables such as temperature and bias voltage affect the electrical behavior of these levels; finally, we sought to link the different results grouped in this section.
III. GENERATION-RECOMBINATION NOISE
The abovementioned fitting method is based on the analysis of the current noise spectral density in a pϪn junction. The current flowing through a junction is affected by the fluctuation in trapped charge in the space charge region. The variable that relates the fluctuations of these two magnitudes is the electric field. In Fig. 1 the charge density, mainly at the borders of the space charge region ͓Fig. 1͑a͔͒. The redistribution of the net charge density also produces a change in the electric field ͓Fig. 1͑b͔͒. The relation between the fluctuation of the electric field and that in the current can be found in a previous work 4 in which we proposed an analytical expression for the current noise density
where the first term corresponds to the expression developed by Lauritzen 23 and van Vliet 6 and takes into account the low frequency noise generated in a pϪn junction when most of the current flow is due to recombination in the space charge region
The second term is the result of modifications placed in the formalism developed by van Vliet. 6 It reflects the contribution of injection effects, not necessarily high, in the junction
This expression of the current noise density is associated with carrier generation and recombination through a trap level E T in the space charge region of a pϪn junction, where N T is the concentration of this level. The term t is the trap time constant; n s and p s are the steady-state concentrations of electrons and holes, respectively; A is the area of the junction; q is the modulus of the electron charge; ⑀ s is the permittivity of the semiconductor; n and p are the electron and hole mobilities, respectively; c n and c p are the capture coefficients for electrons and holes, respectively; ϭ2 f is the circular frequency; and n 1 ϭN C exp͓(E T ϪE C )/KT͔ and p 1 ϭN V exp͓(E V ϪE T )/KT͔ are the standard Shockley-Read quantities, where N C and N V are the effective density of states for electrons and holes, respectively. K is the Boltzmann constant and T is the temperature.
As can be seen in Ref. 4 the key to obtaining this term was the fact that neither the fluctuations of the electric field at the borders of the space charge region nor the borders themselves are negligible when the trapped charge fluctuates inside this region ͑Fig. 1͒. The analytical derivation of this expression was latterly reexamined in highly asymmetrical p ϩ Ϫn junctions giving rise to a modified expression found elsewhere. 5 For such highly asymmetrical junctions, we found a different electrical behavior than the usual pϪn junction.
IV. DETERMINATION OF DEEP LEVEL PARAMETERS
As we have just seen, expression ͑1͒ depends on the capture cross sections of electrons and holes, and the concentration and position of the deep level in the band gap, origin of the noise. As previously mentioned, the levels we consider correspond to those detected by many authors [12] [13] [14] [15] and defined here as E T1 and E T2 . The doping profile used in this calculation is represented in Fig. 2 . This profile was calculated by SUPREM from the fabrication data taken from any of the previous references. 8 The resulting profile corresponds to an n ϩ Ϫ p junction. We could have adopted the usual approximation of an abrupt, asymmetrical junction. However, as we show in the final section, the main electrical activity of the junction is confined in the n ϩ side. Under this approximation, the n side of the space charge region would be neglected. This profile allows us to calculate the distribution of electrons and holes necessary to evaluate Eq. ͑1͒.
To extract the other parameters from a representation of the current noise density versus frequency is not a difficult task. There is a distribution of trap time constant over the space charge region, and hence there is not a unique Lorentzian function associated with a dominant trap-constant time, but a superposition of many of them. However, these parameters can be calculated without too much effort, since our expression is the result of the integration of many Lorentzian functions. In any case, they are all weighted by the trap concentration, and in the individual Lorentzians the corner frequency is controlled by the capture cross sections of electrons and holes. When two or more levels are present in the semiconductor this simple task is transformed into a more difficult problem, because any of them could be the origin of the measured current noise. In fact, we have reproduced experimental measurements of the current noise density in forward-biased n ϩ Ϫ p junctions with different contents of oxygen, 8 assuming that the origin of the noise lies in either of the two levels these authors detect by DLTS. In Fig. 3 we represent simulated current noise densities evaluated with expression ͑1͒. Ϫ13 cm 2 ). On the other hand, if the noise stemming from E T1 is considered negligible, the experimental data can also be fitted with the other center ͑crosses in Fig. 3͒ . The values of n2 and p2 in this fit are just the same as the values of n1 and p1 in the previous case. In any case, if p2 ϭ10 Ϫ12 cm 2 and n2 ϭ10 Ϫ13 cm 2 were used, when considering negligible the noise coming from E T1 , no agreement would be obtained. Therefore, it is clear that in the case of single Lorentzian curves, a spectroscopic analysis of the data could be performed to solve this problem. 24 This would detect the individual levels and determine their parameters, i.e., the position in the band gap and the capture cross sections. Thus, when a distribution of time constants is present, as in the case of the depletion region of a pϪn junction, unless other characterization techniques are used, noise measurements by themselves cannot distinguish between two different centers.
Current-voltage measurements can provide more information on all the variables involved if the generationrecombination component is high enough. This is the case of the same samples for which the generation-recombination noise was measured. 8 These authors measured a dc current in samples with different oxygen contents. Two components were separated in this current: a diffusion current and a recombination current. From the diffusion and recombination saturation currents (I D0 and I R0 ) they extracted values for the electron lifetime n and Shockley-Read-Hall ͑SRH͒ lifetime n,SRH , respectively. The goal of this was to test whether a thermal treatment of the silicon substrate would reduce surface and bulk defect concentrations. This expectation was confirmed by their results concerning the lifetime. What we now comment on is not the fact of the goodness of the thermal treatment to eliminate impurities, but the fact that the current is sensitive to changes in the concentration of these impurities, and thus, that the missing information can be extracted.
The most effective levels in the generationrecombination mechanism are known to be the midgap levels. Thus, assuming that the deepest level E T2 is the agent of the generation-recombination component, the following capture cross sections must be given in order to reproduce the current measurements provided by Hou et al.: 8 p2 ϭ10 Ϫ12 cm 2 , n2 ϭ10 Ϫ13 cm 2 . These measurements and our numerical results are shown in Fig. 4 2 , is the origin of the generation current detected in the I -V characteristics.
V. TEMPERATURE ANALYSIS
This simple model of two single traps reproduces electrical measurements taken at room temperature, and allows the extraction of deep level parameters. Concentrations of deep impurities related to oxygen defects in the range 10 10 -10 11 cm Ϫ3 confirm values obtained by other authors using different techniques. 3, 12, 13, 15, 17 The capture cross section for electrons in the level E T2 also agrees with that found in the literature for that level, or for others occupying similar positions in the band gap. 12, 14, 15 Values for the capture cross section for electrons in the level E T1 are less abundant. A smaller value for n1 than for n2 can be found by DLTS 14, 15 ͑typically n1 ϭ10 Ϫ16 cm 2 ). However, this value is much higher than the one obtained by us in comparison with noise measurements. In an effort to find an explanation for these contradictory values, we studied our samples under transient conditions at different temperatures. The objective was to reproduce the same experimental conditions where the level E T1 was detected by DLTS. 12 Pulses from ϩ0.7 to Ϫ15 V were applied to the junction and capacitance transients were calculated. The method to numerically calculate these transients was developed in a previous work. 10 Before carrying out the above, a simple test can be made, consisting of reproducing a DLTS spectrum, where both levels are detected, by means of a capacitance transient composed of two single exponentials, each one characterized by an emission constant, e n1, 2 C͑t ͒ϭA exp͑Ϫe n1 t ͒ϩB exp͑Ϫe n2 t ͒ ͑10͒
where A and B are parameters used to fit the height of the spectrum. The temperature dependence of the emission constants is related to the capture cross sections and thermal velocity in the well-known way e n1,2 ϭ n1,2 v th n 1,2 . ͑11͒
A minority DLTS spectrum measured in an n ϩ Ϫp junction can be found in Ref. 12 and is represented with symbols in Fig. 5 . To reproduce the position of the maxima in this spectrum with Eq. ͑10͒ the following values were taken: n2 ϭ10 Ϫ13 cm 2 and n1 ϭ3.6ϫ10 Ϫ15 cm 2 ͑solid line in Fig. 5͒ . The first value is again in perfect agreement with the results obtained by our analysis of I -V curves at room temperature and with those of other authors, as mentioned before. The second one agrees with data found in the literature taken from DLTS experiments, 14, 15 however it does not fit our results when low frequency noise in forward biased n ϩ Ϫp junctions is analyzed at room temperature.
The different results, together with the different conditions the samples, were subjected to during their characterization, suggest a different emission process from level E T1 . In the space charge region of a pϪn junction a large electric field exists, particularly under reverse bias. For an electron emitted from a Coulombic potential well in the presence of a high electric field, the barrier for electron emission in the FIG. 5 . Experimental ͑symbols͒ and fitted DLTS spectra. Symbols represent the DLTS spectrum from minority carrier traps measured in a n ϩ Ϫp junction using a filling pulse from Ϫ15 to 0.7 V ͑see Ref. 12͒. Solid line represents purely exponential emissions from the detected levels. Dashed line corresponds to an emission from level E T1 thermally activated and field enhanced. A broader peak is obtained in this case. direction of the electric field is reduced by a quantity ⌬E C . The probability of this center emitting an electron is enhanced by this factor
where e n0 is the emission coefficient at zero external electric field F and ⌬E C is the lowering of the potential well
Taking into account a detailed balance between capture and emission in thermal equilibrium, the capture cross section in the presence of high built-in electric field is enhanced by the same amount as the emission coefficient 26, 27 n ϭ n0 exp ⌬E C KT . ͑14͒
A formulation to describe the effects of high electric fields on electric conductivity and on carrier transport has been detailed by Furlan 28 for the study of carrier generationrecombination in amorphous silicon pϪn junctions. In other references, the effects of oxygen-related defects on the leakage current of pϪn junctions are investigated and the presence of field emissions of the Frenkel-Poole type is described. 2, 17, 21 Leakage current measurements are interpreted within the context of the same physical basis. However, the defect involved in this mechanism is not the same. Cerofolini and Polignano 21 suggested that the physical origin of this defect is donor-acceptor twins that contribute with a pure generation nonrecombination phenomenon, thermally activated and field assisted and with an additional nonnegligible recombination efficiency. Murakami et al. 17 studied the transient component of the leakage current and speculated that hole emission from oxygen related traps was the origin of this component. On the other hand, Tsuchiaki et al. 2 analyzed the junction leakage of a silicon pϪn diode and decomposed the reverse bias I -V into two processes. One of these involved the existence of the Frenkel-Poole effect that enhanced the emission of electrons to the conduction band. From temperature and field dependence a single trap was proposed as the origin of this phenomenon: a shallow attractive Coulomb center with ionization energy 0.16 -0-18 eV. These authors proposed a thermal and field dependence of the emission coefficient as
where E a fp is the effective activation energy, Z eff is the effective Coulomb charge of the trap and ␣ fp is a fitting parameter. We evaluated Eq. ͑15͒ first, under the same conditions as those in which the noise measurements were taken ͑Fig. 3͒: at room temperature and low electric fields, typical of the internal electric field that exists in the space charge region of a forward biased n ϩ Ϫp junction. And second, at low temperatures ͑114 K͒ and high electric fields, conditions in which the DLTS spectra were measured, and the emission of electrons takes place in the space charge region of a reverse biased junction. To find the values of the electric field, we have to locate the zone of the space charge region that contributes to the noise at high temperatures and to the capacitance transients that give rise to the DLTS spectrum at low temperatures. This can be seen in Figs. 6 and 7. In Fig. 6 the trap time constants for levels E T1 and E T2 are represented. It can be seen that the trap whose time constants contribute to the noise spectra of Fig. 3 is E T1 and the region to which this center contributes is located next to the metallurgical junction but most of it clearly on the n ϩ side. We have also represented the occupying factors of levels E T1 and E T2 at 114 K for two voltages: 0.7 and Ϫ15 V ͓Fig. 7͑a͔͒, showing   FIG. 6 . Distribution of the characteristic time for levels E T1 and E T2 along the junction. Capture cross sections employed in this calculation ( p1 ϭ10 Ϫ14 cm 2 , n1 ϭ10 Ϫ23 cm 2 , p2 ϭ10 Ϫ12 cm 2 , n2 ϭ10 Ϫ13 cm 2 ) are the result of the fitting of noise and current-voltage measurements. It is clear from this figure that level E T2 makes a greater contribution at higher frequencies than does level E T1 . Positive values of variable x correspond to the n region as in Fig. 2.   FIG. 7 . ͑a͒ Occupation factors of levels E T1 and E T2 in the space charge region of the junction at two voltages and Tϭ114 K. This figure shows the region where these two levels emit their charge when a filling pulse from 0.7 to Ϫ15 V is applied. ͑b͒ Electric field in the same region and at the same voltages, showing the different values of this magnitude at reverse or forward bias. The representation of the electric field at other temperatures is very similar to that represented here for 114 K. the initial and final occupation states of these two levels during an injection pulse ͑injection and emission of minority carriers in the p side of the space charge region͒. It can be seen that the region where the emission of electrons from level E T1 takes place is also located near the metallurgical junction, but in this case mostly on the p side. The electric field distribution near the metallurgical junction at this temperature and at these voltages is also represented in Fig. 7͑b͒ . There is a notable difference between the values of the electric field at reverse and forward voltages. A similar distribution is obtained at room temperature. With the values of the electric field near the metallurgical junction shown in Fig. 7 , at reverse and forward voltages, capture cross sections were evaluated from Eq. ͑15͒ with E a fp ϭ0.17 eV, ␣ fp ϭϪ27.9 and Z eff ϭ3. We obtained:
Ϫ15 cm 2 and n1 (Tϭ300 K,Fϭ7ϫ10 3 V/cm) ϭ3.0ϫ10 Ϫ20 cm 2 , which results in a difference of five orders of magnitude. This implies that the origin of different capture cross-section values obtained using different techniques may be due to a mechanism that is thermally activated and field enhanced. A different DLTS spectrum is obtained ͑dashed line in Fig. 5͒ if Eq. ͑15͒ is introduced in Eq. ͑10͒ for the E T1 level. It can be shown that better agreement with the low temperature maximum is thus achieved and that a broader peak is obtained if the electric field enhancement of the emission process is taken into account.
This simple model allows the connection of the different values of the capture cross section measured at low and room temperatures. We now present the physics underlying this phenomenon: a study of the electrical behavior of levels E T1 and E T2 under different conditions of temperature and bias voltage. To do this, we take as valid: ͑i͒ the values for the capture cross sections and trap concentration of level E T1 found in this work by the comparison of our expression ͑1͒ with noise measurements; (ii) the values for the capture cross sections and concentration of level E T2 obtained by reproducing forward I -V curves at room temperature; (iii) that E T1 behaves as a Coulomb center with a thermal and field dependence on the emission coefficient as proposed by Tsuchiaki et al. 2 ͑Eq. 15͒. In order to obtain a more physical view of the DLTS spectra shown in Fig. 5 we numerically calculate capacitance transients in our sample when pulses between 0.7 and Ϫ15 V are applied. Electrical magnitudes, at steady or transient conditions, are calculated using a simulator previously developed by us, 10 self-consistently solving the Poisson and drift-diffusion equations, and calculating the occupation factors of both levels and the concentrations of electrons and holes in the junction at these voltages and at three temperatures ͑114, 220, and 300 K͒. The distributions of these magnitudes are depicted in Figs. 7-9 . Analysis of these figures shows the following: the occupation factor of level E T2 always changes from 1 to 0 in a zone in the p side of the depletion region at these three temperatures. We observe the usual behavior of electrons captured during the filling pulse and electron emission when the reverse voltage is applied, giving rise to a typical minority transient. With level E T1 , we see the same response at 114 and 220 K. However, at room temperature this level is emptied of electrons during the injection pulse and filled with electrons when the reverse voltage is applied. This is an abnormal explanation of electron behavior. What really happens is that holes fill the level during the injection pulse and are then emitted, giving rise to the increment from 0 to 1 in the occupation factor at room temperature. To justify this assumption, the carriers in the depletion region are represented in the range 114 -300 K at forward voltages ͑Fig. 9͒. At room temperature, a significant tail of holes coming from the p side of the junction reaches the position where the occupation factor of level E T1 changes. As n1 Ӷ p1 hole transitions from the valence band towards this level are dominant. At lower temperatures this tail of holes is negligible and only transitions of electrons from the conduction band are possible, despite the small value of n1 . Analysis of the steady state of the sample predicts a twofold behavior of level E T1 : an electron trap at low temperatures and a hole trap at room temperature.
Capacitance transients between these states were calculated to confirm this hypothesis. Three sets of transients are represented in Fig. 10 . At 114 K a decreasing transient, corresponding to minority emission, was obtained. This is composed of a fast response ͑with a time constant of 1 ms͒, corresponding to the emission from level E T1 , ͓thick line in Fig. 10͑a͔͒ , and a slow one related to the emission from level E T2 . At 220 K only the emission from level E T2 was detected ͓Fig. 10͑b͔͒. The relative amplitude of this transient at 220 K to the amplitude of the fast transient at 114 K agrees with the relative height of the experimental DLTS spectra of Fig. 5 . The undetected emission from level E T1 at 220 K agrees with the fact that ͑i͒ the region of emission of level E T1 is smaller than at 114 K and ͑ii͒ there is a portion where the occupation factor increases rather than decreases ͑Fig. 8͒. Thus, an inflexion point where level E T1 stops acting as an electron trap and starts behaving as a hole trap can be located around this temperature. At 300 K, again, a distinction can be made between the two levels, as at 114 K. However, this time, the faster transition corresponds to level E T2 and the slower one to E T1 . Not only has the speed of the transients changed but also the shape: the slower transient increases with time indicating the emission of majority carriers, as predicted above. Detailed analysis of Fig. 8 shows that the emission of holes takes place on the n side of the junction. Actually, holes are injected into the n side thus behaving as minority carriers. The reason why we observe an increasing transient instead of a decreasing one, as would correspond to an emission of minority carriers, is that the n border of the space charge region is blocked. No variation of this border is observed when changes of bias voltage are applied to the junction ͓see Fig. 7͑b͔͒ . All the variations of the space charge region take place at its p border. Thus, any variation of the charge trapped in the centers is compensated by a modification at the p border, no matter where the emission takes place, in the n or p regions. A detailed study and examples of the blocking of a border of the space charge region during emission or capture processes can be found in two previous works. 10, 29 Another interesting fact of the slower transient of Fig. 10͑d͒ is that the time constant of this transient corresponds to transitions with a higher activation energy. In our case this would be E T1 ϪE V and would confirm the fact that this transient is due to a hole trap. A similar conclusion about the origin of a transient component of leakage current in silicon pϪn junctions was obtained by Murakami et al., 16, 17 who made it clear that the origin of the steady component of the leakage current is a deep level at E C Ϫ0.4 eV. This conclusion was in agreement with other authors, 12 but Murakami et al. left as an open question the hole trap origin of the transient component of the leakage current. They merely speculated that these hole traps could also be the origin of the 1/f noise reported by Simoen et al., 22 as their investigation into substrate dependence of the transient current corresponded to the study of low frequency noise by Simoen et al. This latter assumption is corroborated by our study of current noise density, from which we deduce the origin of the noise represented in Fig. 3 as being due to the fact that level E T1 acts as a hole trap. After a thorough analysis of our junction, we conclude that among the levels related to oxygen traps E T1 is the trap that brings together the disparate results mentioned above and thus our study represents a step forward in clarifying the electrical behavior of oxygen-related traps.
Finally, let us take into account the importance of considering a real doping profile rather than an abrupt one. Figures 7͑a͒ and 8 show that the main electrical activity of a deep level such as E T2 takes place on the p side of the junction. However, the electrical activity of the shallower E T1 is located on the n ϩ side. We examined an abrupt n ϩ Ϫp junction and obtained values for the parameters of these levels; experimental measurements were then compared with our calculations. On fitting the experimental I -V curves with this profile, no different parameters were obtained for level E T2 . However, one order of magnitude higher N T1 was necessary in order to fit the noise spectra of Fig. 3 . This confirms the fact that whatever electrical activity takes place inside the n ϩ region, the abrupt-junction approximation can lead to misunderstandings. We emphasize that whenever the tail of holes is suspiciously high, the abrupt approximation is not a good one. Such are the cases of generation-recombination noise and the transient response of the pϪn junction with oxygen related traps studied in this work.
VI. CONCLUSIONS
We have proposed a method for the characterization of deep levels in semiconductors by employing an analytical expression of the current noise density at low frequencies in pϪn junctions. Parameters such as the trap concentration and capture cross sections can be obtained by comparison with experimental data. We have applied this method to oxygen-related defects in silicon. We have reviewed different methods of electrical characterization of these defects in p Ϫn junctions, including current-voltage curves, leakage current, deep level transient spectroscopy and low frequency noise. With the help of a numerical simulator that calculates the forward current and the low frequency current noise density versus voltage, and by comparison with experimental data, the above parameters were determined for two of the levels associated with oxygen-related defects. At first sight, our result might be considered one more among the different results described in the literature. Nevertheless, with these results in mind, and seeking to find the link between all of them, the following model is proposed: a junction with a deep level located at E T2 ϭE C Ϫ0.43 eV and capture crosssections p2 ϭ10 Ϫ12 cm 2 , n2 ϭ10 Ϫ13 cm 2 and a Coulomb trap with activation energy 0.17 eV whose transitions with the conduction band are temperature and electric field dependent according to the Poole-Frenkel theory. Analysis of this junction allowed us to reach the following conclusions. First, we confirmed trap concentration values in samples with different oxygen contents, and the role of the E T2 level as the source of the generation-recombination component in the current, in agreement with the data in the literature. Second, and as the main conclusion, we have found that the center located at E C Ϫ0.17 eV can link different phenomena such as minority carrier transients at low temperatures, low frequency noise in forward biased junctions at high temperature, and leakage current transients due to hole traps at high temperature. A thorough study of the low frequency noise at 300 K and of capacitance transients at different temperatures indicates the existence of a twofold behavior, either as an electron trap or as a hole trap, depending on the temperature.
